Background: Community-associated methicillin resistant Staphylococcus aureus (CA-MRSA) cause serious infections and rates continue to rise worldwide. Use of geocoded electronic health record (EHR) data to prevent spread of disease is limited in health service research. We demonstrate how geocoded EHR and spatial analyses can be used to identify risks for CA-MRSA in children, which are tied to place-based determinants and would not be uncovered using traditional EHR data analyses. Methods: An epidemiology study was conducted on children from January 1, 2002 through December 31, 2010 who were treated for Staphylococcus aureus infections. A generalized estimated equations (GEE) model was developed and crude and adjusted odds ratios were based on S. aureus risks. We measured the risk of S. aureus as standardized incidence ratios (SIR) calculated within aggregated US 2010 Census tracts called spatially adaptive filters, and then created maps that differentiate the geographic patterns of antibiotic resistant and non-resistant forms of S. aureus. Results: CA-MRSA rates increased at higher rates compared to non-resistant forms, p = 0.01. Children with no or public health insurance had higher odds of CA-MRSA infection. Black children were almost 1.5 times as likely as white children to have CA-MRSA infections (aOR 95% CI 1.44,1.75, p < 0.0001); this finding persisted at the block group level (p < 0.001) along with household crowding (p < 0.001). The youngest category of age (< 4 years) also had increased risk for CA-MRSA (aOR 1.65, 95%CI 1.48, 1.83, p < 0.0001). CA-MRSA encompasses larger areas with higher SIRs compared to non-resistant forms and were found in block groups with higher proportion of blacks (r = 0.517, p < 0.001), younger age (r = 0.137, p < 0.001), and crowding (r = 0.320, p < 0.001). Conclusions: In the Atlanta MSA, the risk for CA-MRSA is associated with neighborhood-level measures of racial composition, household crowding, and age of children. Neighborhoods which have higher proportion of blacks, household crowding, and children < 4 years of age are at greatest risk. Understanding spatial relationship at a community level and how it relates to risks for antibiotic resistant infections is important to combat the growing numbers and spread of such infections like CA-MRSA.
Background
The use of geocoded electronic health record (EHR) data for improving health outcomes is in its infancy [1] particularly for infectious diseases such as community-associated methicillin resistant Staphylococcus aureus (CA-MRSA) infections [2] [3] [4] . This is an important disease to study because it is preventable and the number of children hospitalized with CA-MRSA infections in the United States increased from 6.7 cases per 1000 admissions in 2002 to 21.2 cases in 2007 [5] . We demonstrated how geocoded EHR data in conjunction with a geographic information system (GIS) can be used to enhance the geographic surveillance of CA-MRSA. In doing so, we 1) characterized the communities where children infected by the bacteria Staphylococcus aureus (S. aureus) resided during the height of the CA-MRSA epidemic in the US [6] (2002-2010); and 2) identified areas at high risk for CA-MRSA where targeted interventions aimed at preventing disease transmission will have potentially the most impact.
Electronic health records are becoming a routine part of patient care. Their primary purpose is to follow the provision of care to individual patients. However, they are also a source of data for public health surveillance that cannot be obtained from reportable disease registries or vital statistics databases. EHR data typically includes basic demographic characteristics of the patient as well as their list of diagnoses, prescriptions, results from laboratory tests, referrals to specialists, and provider characteristics [7] . They also contain residential information about the patient which can be geocoded and linked to data about the patient's social, physical and built environment, community resources and other data about their community [8] . Use of geocoded EHR for public health is still emerging, but there are a wide range of recent application areas including hospital readmissions for pediatric asthma [9] , preventable emergency department visits [10, 11] , hospitalizations for common illnesses [12] , obesity in children [12] , and Type 2 diabetes [8, 13, 14] .
Population based studies have shown a higher rate of invasive MRSA infections among blacks and other minorities [15] [16] [17] [18] and in densely populated areas with high numbers of pre-school and school aged children [19] . The subset of MRSA infections emerging from the community, or CA-MRSA infections, have been endemic in many urban areas with significantly increased risk for invasive infection among blacks [6, 17, 20] . Risks associated with CA-MRSA disease may also be related to socioeconomic factors [4, 21] , and are not well characterized for this community acquired infection [6, 16, 17] . For instance, household crowding has been cited as a risk for CA-MRSA infections, but the impact of neighborhood crowding has not previously been addressed [22, 23] .
The goals of this study are to characterize the neighborhoods with the highest rates of CA-MRSA infection in the Atlanta-Sandy Springs-Roswell, GA Metropolitan Statistical Area (the Atlanta MSA), and to analyze the spatial distribution of CA-MRSA compared to the non-antibiotic resistant form of S. aureus, also known as community-associated methicillin sensitive Staphylococcus aureus (CA-MSSA). There are very few studies to characterize CA-MRSA infections in this region of the US, compared to other parts. This spatial characterization would enable us to identify specific areas at greatest risk for antibiotic resistance and thus, identify those communities most likely to benefit from targeted interventions. Comparing spatial patterns of the nonresistant forms of S. aureus to resistant forms would identify clonal spread of specific resistant strains which may be circulating in a community or neighborhood; primary and secondary intervention plans aimed at specific geographic areas could be tailored, based on the risks associated with a particular location. For example, CA-MRSA rates within certain communities [24] have decreased over the last 5 years when community-level prevention measures (e.g., increased hand sanitizers located throughout public areas) were implemented. The importance of achieving these goals would allow public health officials and area primary care providers to combat the spread of CA-MRSA infections through targeted interventions aimed at those communities at highest risk for acquisition and transmission. Such interventions would contribute to the development of health policy guidelines for infection control, effective home and school-based interventions, and identifying but not stigmatizing children who may be at increased risk for CA-MRSA based on individual and area level risk factors.
Methods
Overview CA-MRSA infections in the Atlanta MSA from 2002 to 2010 were examined by applying exploratory spatial analysis in order to identify risk factors and characterize geographic variations of CA-MRSA rates compared to CA-MSSA rates.
Study design
A retrospective epidemiology study was conducted of children from January 1, 2002 through December 31, 2010 who were treated for S. aureus infections at two pediatric hospitals in the Atlanta MSA (Scottish Rite Children's Hospital and Egleston Children's Hospital). Children diagnosed with S. aureus infection and who were managed in the emergency department (ED), or as an inpatient were included; no data was collected on S. aureus carriage or colonization. All had an International Classification of Diseases, Clinical Modification (ICD-9-CM) code compatible with a staphylococcal infection, a positive S. aureus culture, and lived within the 20-counties that comprise the Atlanta-Sandy Springs-Roswell, GA Metropolitan Statistical Area (Metro Atlanta). (The two hospitals consistently provide more than 80% of the pediatric hospitalizations for the Atlanta MSA [25] .) This study was approved by Institutional Review Boards of hospitals and affiliated academic institutions.
Each unique child met the case definition if their EHR reported a positive MRSA infection on the first culture during a single hospitalization. MRSA carriage or colonization status is not routinely collected on patients with MRSA infection, so this was not collected for our study. Cases were then categorized as 'community associated' or 'hospital acquired' infections. Using CDC's guidelines for case definitions, 'community-associated' infections were those which occurred within or at 48 h of hospital admission, otherwise, they were 'hospital acquired' [26] . Clinical isolates were identified using routine laboratory methods [27, 28] . Demographic information (race, age, gender and type of health insurance) and residential addresses were obtained from the EHR. Dates of hospital admission and discharge, patient's body site(s) of infection, previous S. aureus related hospitalizations, and days to a positive culture from time of admission were also collected.
At the neighborhood level, the Census block group where a patient resided was identified [29] [30] [31] . We obtained American Community Survey [32] data to determine household crowding, proportion of black by block group, and proportion below poverty. Race/ethnicity, children living in poverty, and median household income were obtained from 2010 Decennial Census [32] . Boundary files for use in GIS for Georgia block groups and counties were downloaded from the National Historical Geographic Information System [33] .
Race/ethnicity
Race/ethnicity was categorized as white, black, Hispanic and other ('other' included: Asian, Native American, multi-racial, Native Hawaiian, and other/declined) and proportions within each block were determined. Based on the proportions of race (black, Asian, American Indian or Alaska Native, Native Hawaiian or other Pacific Islander) reported in the 2010 US Census, we determined which block groups were 'concentrated' area of blacks by using the overall percentage of blacks for the state as a reference point. [34] For example, the overall percentage of blacks in Georgia was 30.5% [34] in 2010, so any block group ≥30.5% blacks, was thereby defined as a 'concentrated' area of blacks.
Poverty
We used the ratio of income to poverty to control for variations in household size and to determine relative poverty by block group. It was determined by dividing the median 2010 family income by the 2010 poverty threshold for a family of four ($22,491) [35] and then assigning block groups as very low income (< 0.99), low income (0.99-1.25), moderate income (1.25-2.50), high income (> 2.5) [36, 37] .
Household crowding
From US Housing and Urban Development definition, household crowding [38] was any housing unit with more than one person per room [4, 39] . Proportions of crowded households were calculated for each block group.
Data analysis
The basic unit of observation was each child diagnosed with S. aureus infection. Age, gender, and race entered the models as individual level covariates and all others were measured at the Census-block level. All risk factors were categorical except age. Since there were possible unknown correlations between outcomes of interest, and estimates of parameters using a generalized linear model, we applied a generalized estimated equations (GEE) model using an exchangeable covariance structure with model based standard errors; crude odds ratios (OR) were based on conditions determined a priori to be associated with risk of S. aureus and used as estimates of relative risks. Adjusted odds ratios (aORs) were calculated using a generalized linear mixed model, allowing for random effects and correlated errors for non-normal data.
Three separate models were applied for multiple regression analyses: Model 1-individual factors only, Model 2neighborhood factors, and Model 3-individual and neighborhood factors. Specific individual level and neighborhood level variables were identified, after comparing Model 1 to Model 3, and Model 2 to Model 3; this was done to ascertain which variables remained significant. Variables were included in the final adjusted model if, e.g., when comparing Model 1 to Model 3, the log likelihood statistics for the fitted model were significant for these variables. All tests for significance were two-tailed, and a p-value of < 0.05 was considered significant. Statistical analysis was performed using SAS 9.4 (SAS Institute, Cary, NC).
Spatial analysis
For spatial analyses, we used data at the 2010 US Census block group because of the relatively homogeneous nature and close relationship of smaller census-derived units to health outcomes [40] . Data from all 20 counties of the Atlanta MSA were used for the multilevel and spatial analysis. To improve the geographic visualization of the disease patterns, the maps only show the eight counties that surround the Atlanta City limits; 78% of all cases were in these counties.
Geographic distribution of community acquired-MRSA and -MSSA
We measured the risk of CA-MRSA and CA-MSSA as standardized incidence ratios (SIR) which use the observed number of events in an area in the numerator and the expected number of events in the denominator. The number of expected MRSA events was calculated by applying the regional rate of CA-MRSA (14.2 per 100,000) to the number of children in each Census block group and the expected number of CA-MSSA events were calculated by applying the regional rate of CA-MSSA (13.2 per 100,000) to the number of children in each Census block group.
We calculated these SIRs in overlapping units of geography called spatially adaptive filter areas [41] (spatial filters). Spatial filters are aggregations of smaller geographic units, which, by themselves, do not contain sufficiently large enough populations to calculate a reliable disease rate. Spatial filter areas effectively address a common problem in the disease mapping literature called the small number problem [42] , which occurs when the population in an administrative unit of geography (i.e., a county or a Census block group) is too small to calculate a reliable disease rate. The sizes of the spatial filter vary across the study area and depend on the number of neighboring Census block groups needed for a threshold value; spatial filters are generally much larger in less populated areas than those in denser areas.
Each spatial filter is centered on a sampling location that we derived from the geometric center of each Census block group within the Atlanta MSA. Here, the smaller units that comprise each spatial filter are the set of Census block groups nearest to each sampling location, which we aggregated together until a threshold value of 30 expected CA-MRSA cases and 30 expected CA-MSSA cases were obtained. To accomplish this, we created a unique spatial filter for CA-MRSA and a unique spatial filter for CA-MSSA and then used whichever produced the largest filter area [43] . We chose 30 because the standard error of the SIR can never exceed 0.183 and any small area with an SIR less than 0.702 or greater than 1.425 will be statistically significant at p < 0.01.
The SIRs for CA-MRSA and CA-MSSA were then attributed to the sampling locations and spatially interpolated to reveal a continuous geographic pattern of statistically reliable CA-MRSA and CA-MSSA risk estimates. A by-product of the spatially adaptive filtering procedure is a map of smoothed disease rates, but it aureus colonization or carriage information as this was not available.) All unique patients' addresses were geo-coded and divided into those with community associated methicillin resistant Staphylococcus aureus (MRSA) and those with community associated methicillin sensitive Staphylococcus aureus differs from other rate smoothing algorithms-such as headbanging [44] [45] [46] or localized empirical Bayesian estimation methods [47] [48] [49] -which use potentially unreliable disease rates pre-computed in administrative units. The rates calculated in spatially adaptive filters are not pre-computed; we first aggregated the raw number of S. aureus cases in neighboring geographic units until a large enough population to calculate a reliable disease rate is obtained and then calculate the disease rates. The effect of this procedure is that all SIRs are based on a minimum level of statistical reliability because the size of the geographic units is based on the principle of choosing an acceptable minimum level of reliability [50] .
We also used the same spatial filter areas to calculate covariates. For a given spatial filter area, the numerator for percent black is the sum of the number of blacks in the Census block groups that comprise the spatial filter and the denominator is the sum of the people of any race in the same Census block groups. The numerator for the age covariate is the sum of the population younger than 5 years and the denominator is all children younger than 19 years. The numerator for the household crowding is the sum of the number of housing units with more than one person per room and the denominator is the sum of the housing units. We then used Pearson's R correlation coefficients to measure the association between the percent of S. aureus that were CA-MRSA and the three covariates calculated in the spatial filters.
Results
Sample size and population characteristics Figure 1 shows the selection criteria for the study. Of 13,938 unique children with a S. aureus infection, 2084 were excluded for invalid addresses (missing, postal office designations, invalid addresses); and 1207 children were excluded with hospital-acquired infections. In 2010, there were 5533 blocks in Georgia and 2097 block groups (38% of all block groups) had one or more observed cases of CA-MRSA. There were a total of 5379 CA-MRSA cases reported during this time period [51] . We determined there were 10,642 community-associated S. aureus infections with complete information, and 50.5% were the antibiotic resistant form, CA-MRSA (Table 1) . We then stratified the infections based on the hospital location (Egleston Children's Hospital or Scottish Rite Children's Hospital). Differences were found between CA-MRSA and CA-MSSA infections with regard to race, age, gender and type of health insurance. Although white children had the highest proportion of CA-MRSA and CA-MSSA, black children with CA-MRSA was nearly double that of black children with CA-MSSA infections. Children with CA-MRSA also were younger and had higher rates of public health insurance compared to CA-MSSA (p < 0.01).
Prevalence and trend of antibiotic resistant Staphylococcus aureus (2002-2010)
CA-MRSA cases increased per year, rising at higher rates compared to CA-MSSA, p = 0.01. CA-MRSA infections more than doubled from 23.2% in 2002 to 53.7% in 2006. (Fig. 2) .
Risk factors for community associated MRSA
Children with no or public health insurance had higher odds of CA-MRSA infection compared to those with private insurance (p < 0.01). Black children were one and a half times (aOR 1.58 (1.44-1.75, p < 0.0001)) as likely as whites to have CA-MRSA infection, after adjusting for gender, age, and health insurance. The youngest category of age (< 4 years) also had increased risk for CA-MRSA (aOR 1.65, 95% CI 1.48, 1.83, p < 0.0001). Both crude and adjusted Odds Ratios from Model 1 as described in Methods are summarized in Table 2 . At the neighborhood level (Model 2), the unadjusted Model 2 showed significant differences between CA-MRSA and CA-MSSA, with risks for antibiotic resistance being higher in blocks with concentrated black populations (> = 40.46%, p < 0.001) and evidence of household crowding (p < 0.001). However, household crowding no longer was a significant risk factor for CA-MRSA (p = 0.6633), after adjusting for poverty and black concentration, while poverty and concentrated blacks living within blocks remained significant in the adjusted model (p < 0.0001 and p = 0.0035, respectively). (Table 3 ) Blocks in the third and fourth quartiles of crowding had higher odds of poverty levels (3rd quartile's OR 1.32; 95% CI 1.17-1.48; p-value < 0.0001; 4th quartile's OR 1.54, 95% CI 1.38-1.75, p < 0.0001). This risk was only slightly higher for CA-MRSA in block groups living below the poverty level (aOR 1.01, 95% CI 1.002, 1.008), compared to aOR of 1.73 (95% CI 1.58, 1.89) if the neighborhood block was concentrated black (p < 0.0001).
Multi-level or mixed model analysis (Model 3) showed blacks living in neighborhoods with > = 40.6% blacks, being female, public-or self-pay insurance, and younger age remained highly significant for risk of CA-MRSA infections compared to CA-MSSA, even after adjusting for income, health insurance, gender, crowding, and race/ ethnicity (Table 4 ).
Spatial densities of CA-MRSA and CA-MSSA infections
The spatial distribution of CA-MRSA and CA-MSSA cover similar areas but the SIRs differ in areas affected: CA-MRSA encompasses larger areas with higher SIRs (and a significantly larger area where the ratio is > 2.5). CA-MRSA is much higher than CA-MSSA in the southeastern part of the eight counties that surround the Atlanta city limits. Similarly, this contrast in CA-MRSA and CA-MSSA are seen in southwestern parts of DeKalb county (one of the two counties where the population density is highest for the Atlanta MSA) and specifically, neighborhoods where the rate of 'overcrowding' is greater than 50%. In comparison, in areas where CA-MSSA SIRs are highest (northcentral DeKalb county), the rates of CA-MRSA SIR are still relatively high. The highest SIRs are in areas not far from either hospital, where the patients sought care. However, the overall distribution and the shape of the two highest SIRs are quite distinct between those diagnosed with CA-MRSA compared to those with CA-MSSA (Fig. 3) .
Age, race, household crowding spatial relationship to CA-MRSA infections
We found statistically significant measures of positive association between the spatial filter-level proportion of the S. aureus cases that were CA-MRSA and the age (r = 0.137, p < 0.001), race (r = 0.517, p < 0.001), and household crowding covariates (r = 0.320, p < 0.001). These associations indicate that CA-MRSA is elevated in areas where a high proportion of children are younger than age 5 years, where a high proportion of the population are black, and where a high proportion of the households are crowded. These findings are corroborated in our spatial statistical models (Fig. 4) . The geographic boundary correlation with race makeup of a geographic area among children with CA-MRSA infections has not been previously reported; previous spatial analyses of CA-MRSA have focused primarily with MRSA colonization of environment or household members, or the hospital's physical boundaries [52, 53] .
Discussion
Our goal for this spatial analysis was to use electronic health record data to determine which block group-level neighborhoods were most 'at risk' for CA-MRSA infections and therefore, would benefit most from targeted primary interventions. We found that the highest proportions of CA-MRSA infections occurred within areas that have the highest levels of household crowding, highest proportion of younger children, and highest proportion of blacks. Although there is some geographic overlap in the CA-MRSA and CA-MSSA densities, the geographic patterns of CA-MRSA were different from that of CA-MSSA even though both types presumably have transmission patterns following that of infectious spatial diffusion. This suggests that the factors driving risk for antibiotic resistant disease (specifically CA-MRSA) may be quite different than those which drive risk for non-antibiotic resistant CA-MSSA. This finding suggest that 'overcrowding' is a risk factor for CA-MRSA disease risk. Fulton and DeKalb counties are very densely populated, and like many core urban areas, have areas with high rates of poverty. 'Crowding' and poverty may be factors which mediate antibiotic resistance risk by creating geographically closed communities with more substandard housing conditions and thus, increased opportunities for person-to-person transmission. Over 75% of our CA-MRSA cases came from two of the most densely populated counties in Georgia (Fulton and DeKalb counties). Black residents in these counties also have been described as racially segregated from other populations [54] , and this segregation may preclude them from social and economic advantages available to other racial/ethnic groups which are not as segregated.
Our finding of CA-MRSA association with poverty is consistent with other published reports, where higher rates of CA-MRSA infection are identified among urban neighborhoods with higher poverty rates [4] . After adjusting for their individual sociodemographic characteristics, these results show no significant racial differences among the cases (CA-MRSA) and controls (CA-MSSA). This confirms that it is the socio-economic and environmental characteristics of the neighborhood that explain the geographic distribution of MRSA. From a prevention standpoint, providing resources, which otherwise would not exist, to these neighborhoods might be a first step towards meaningful community level intervention.
One strength of this study is the use of a large multi-year dataset of geocoded EHR data to detect spatial patterns in the proportion of CA-MRSA. Another strength is our use of aggregated block group data to create spatially adaptive filters, which results in maps where: 1) all locations have approximately equally reliable estimates of disease risk, and 2) the CA-MRSA and CA-MSSA measures were computed within the same set of spatial filters. We also calculated the covariates using the same spatial filter areas used to estimate the risk of both types of S. aureus, which enabled us to measure the association between disease risk and the covariates.
Limitations
Similar to the limitations associated with using administrative health records [55, 56] , the primary limitation of this study is that children who sought care and acquired CA-MRSA from the two hospitals may not be representative of the entire population of children in need of care. For this study, we selected children who accessed care from two pediatric hospitals which represents more than 80% of pediatric admissions in the Atlanta MSA. Although these two hospitals are major healthcare providers for the pediatric population residing within the MSA of Atlanta, this population may not reflect all children infected by S. aureus for the geographic region studied. The catchment area of these hospitals may not extend well beyond metropolitan Atlanta counties; and thus, cases closer to other large hospitals may be under reported. Another source of under-reported cases is related to transportation concerns, which may cause some parents to take their child to the nearest hospital rather than a pediatric hospital. Interventions developed would need to factor in the health behaviors characteristic of the populations living in a targeted community.
Another limitation is related to the geospatial correlation analysis of the proportion of S. aureus that were CA-MRSA and the covariates. Given spatial dependence inherent in geographic data, which is magnified when using the overlapping spatially adaptive filters, we have violated a central assumption of Pearson's R correlation that observations be independent. Even though we detected statistically significant associations, the correlation that we measured is higher than what would be observed if the data was not overlapping. Future research using spatially adaptive filters to conduct correlation analysis needs to account for this inflation.
Future research
The development of targeted community level interventions could be supported by creating community specific reports for the areas with the highest risk of CA-MRSA by characterizing the community according to its unique combination factors known to be associated with antibiotic resistant bacterial transmission. These include neighborhood-level measures of racial composition, household crowding, and age of children as well as information about its built environmental and other social factors. Such a report could be supported using spatial regression modeling to identify where CA-MRSA risk is most associated with these covariates [57] . For example, if types of health insurance and easier access to broad spectrum antibiotics are identified as significantly contributing to CA-MRSA (relative to CA-MSSA) and poor, overcrowded neighborhoods are shown along with their locations of pharmacies and distribution of household income and poverty levels, then at the neighborhood level, we could come up with neighborhood-level (public health) strategies for prevention. Although this study did not address the relationship between CA-MRSA carriage and infection, future studies may include prospectively screening for persistence of carriage among household members and contaminated environmental surfaces associated with patients with recurring infection. Finding ways to decrease bacterial burden on a continuum in these communities may also contribute to an effective prevention strategy. Finally, refining how to spatially 'weigh' in socio- 
Conclusions
Hospital-based electronic health data systems in conjunction with spatial analyses can provide an effective surveillance system, which could be used to develop strategies for preventing CA-MRSA transmission. This study demonstrates how geocoded EHR data can be used to identify areas of excess risk for S. aureus infections which is important for developing interventions to prevent the spread of antibiotic resistant infectious conditions. These methods can be used to identify specific areas to target public health intervention strategies. Such methods have a tremendous potential to prevent the transmission of antibiotic resistant and virulent pathogens in our communities and neighborhoods. While the findings are particular to Atlanta, the methods can be applied globally, where electronically recorded data about S. aureus is available. availability of these data, which were used under license for the current study and contain personal identifiers, and so are not publicly available. Data, which is de-identified of personal information are however available from the authors upon reasonable request and with permission of Children's Healthcare of Atlanta and Grady Health Center.
